A phase-shift interferometry experiment is proposed, working on a TwymanGreen optical configuration with additional polarization components. A guideline is provided to modern phase-shift interferometry, using concepts and laboratory equipment at the level of undergraduate optics courses.
Introduction
Interferometry is a basic topic in physical optics introducing the wave nature of light. It also constitutes a key measuring principle that is used in several experiments, working devices and instruments in various fields of applied optics. Examples are Newton, Michelson, TwymanGreen, Mach-Zehnder and Fizeau configurations routinely used in optical workshops to assess the quality of polished surfaces and the aberration of optical systems [1] . A number of measurements such as displacement, radius of curvature, refractive index and more are also possible [2] .
Most of the above applications require acquisition and processing of the fringe pattern produced by two interfering light beams. Traditionally, evaluation was accomplished by visual inspection, counting the number of fringes along fixed directions, or estimating their departure from straightness in terms of average fringe spacing. In relatively recent times, phase-shift interferometry has been introduced, providing almost automatic processing of the fringe pattern and greatly simplifying the task of extracting quantitative information [3] . Such a technique works on a digital acquisition of a set of interferograms where the fringe pattern is progressively shifted by a fixed step; in typical devices, four patterns evenly shifted in a period are used. A numerical algorithm is then implemented, working out pixel by pixel the optical path difference relating to the experiment in point. This approach is very effective and precise, and is nowadays adopted in a number of top class measuring instruments.
The classical manner of producing four evenly spaced fringe patterns in interferometry is by introducing incremental optical path differences of λ/4, λ being the wavelength of light; this is generally accomplished by varying the length of an interferometer's arm by means of a piezoelectric transducer (PZT). Although the use of PZTs may also be proposed for demonstrative experiments [4] , practical implementation in working devices is quite difficult due to the need for accurate calibration of the transducer. An alternative approach, which is adopted in last generation devices, is based on the physical properties of polarized light [5, 6] . In this paper we describe an optical set-up of the latter type, allowing for fairly precise control over the fringe shift between interference patterns. Images are acquired with a digital photocamera, and processed with a personal computer. The interferometric information is then decoded, and made available to presentation and to evaluation.
The experiment we propose is simple as to the laboratory set-up, and makes use of optical components quite common in laboratories of applied physics at the undergraduate level. In addition, it offers insights into the study of subjects such as interference, polarization of light, Jones matrix and vector formalism, meaning of interference patterns and fringe processing. Finally, it introduces the working principle that is now used in state-of-the-art interferometry.
Phase-shift interferometry
To briefly review the basic concepts of phase-shift interferometry, we refer to a general optical configuration where a laser beam is expanded and collimated by means of lenses, and then divided in two parts with a beam splitter. Such parts are made to propagate through different optical paths, and then recombine so as to produce an interference pattern. In particular, the two interfering wavefields E 1 , E 2 are here written as
where ϕ 1 (x, y), ϕ 2 (x, y) are the local phases of the fields, and δ is an additional phase contribution that is controlled by the optical configuration. The light intensity distribution I(x, y) within the interference pattern depends on the relative phase between the two wavefields according to
with I 1 , I 2 being the intensities of the single fields and ϕ = ϕ 2 − ϕ 1 the local phase difference. For typical phase-shift operation, δ is made to assume the values 0, π/2, π , 3π/2 in a sequence, so that intensities I I , I I I , I I I I , I I V are obtained according to
The phase recovery algorithm is then implemented by computing
After the knowledge of ϕ, the optical path difference OPD pertaining to the location (x, y) can be reconstructed:
By evaluating the OPD at each location of the interference pattern, the whole map of OPD is put together. A problem remains, though, due to the fact that the phase is defined modulo 2π . In the case where the actual phase range extends over such an interval, unwrapping algorithms need to be implemented. As is noted from equation (4), the phase-shift algorithm is particularly effective and robust; it is free from the offset effects of the detected signal, as the latter cancel out by subtraction, and also from gain effects, which are eliminated by taking the ratio between the resulting differences. As a matter of fact, the phase-shift algorithm in various forms of implementation is nowadays the preferred method of data acquisition and processing in interferometry instruments.
Optical configuration in polarized light
The optical set-up here referred to is shown schematically in figure 1. The light source is a linearly polarized laser diode at a wavelength of λ = 680 nm. The diode is oriented in such a manner that the plane of polarization is at 45
• to the x-axis (horizontal). The beam is expanded with a pair of lenses up to a diameter of approximately 5 cm. A non-polarizing beam splitter BS then divides the beam in two parts, and directs them to the two arms of the interferometer. The arms are made of two plane mirrors M1, M2, with in front the linear polarizers LP x , LP y , at angles 0
• and 90
• to the x-axis, respectively. The reflected beams are recombined again at the beam splitter, and in part directed to a quarter-wave plate (λ/4) at 45
• to the x-axis. The transmitted light passes through a final linear polarizer at an angle θ to the x-axis, and is projected on a diffuser. The interference pattern is observed visually, and recorded with a digital photocamera.
The major feature of the configuration that is exploited for phase-shift interferometry is that the light beams from the two arms are cross polarized, so that passing the quarter-wave plate at 45
• to both, one part is converted to a right-circularly polarized beam and the other part to a left-circularly polarized beam. The final linear polarizer then selects the relative phase of the interference pattern; incremental rotations in steps of θ = 45
• produce patterns in phase quadrature, which are available for phase-shift data processing. The mathematical derivation with the Jones matrix and vector formalism is given in the appendix. As a peculiarity of the configuration in polarized light just described, the condition of phase quadrature can be controlled with good precision quite easily, as it is determined by the incremental angle θ above. Mounting the polarizer on a rotating stage with marks, or on a step stage with fixed angular positions at 45
• from one another, directly provides the four required patterns without the need for further calibrations.
Experimental results
The optical configuration of figure 1 has been set up on a workbench in the laboratory. The source is a battery operated 5 mW laser pointer. The lenses of the beam expander, the beam splitting cube and the mirrors are off-the-shelf optical components. The linear polarizers are plastic sheets of polaroid material. The most sophisticated component is the quarter-wave plate, although demonstrative sets of polarization optics usually include a sample among the retardation sheets. Another possibility is to make a crude one by overlapping stretched sheets of household plastic food-wrap, as described in [7] . The diffuser is a piece of Indian ink drawing paper. The digital photocamera is a commercial home camera, 2048 × 1536 pixels, with a 64 MB flash memory card; it is though expected that even a lower specification camera would work.
Particular care has to be taken to firmly secure the optical parts on the table, to avoid movements and vibrations that would not allow the fringe pattern to be seen. In this respect, it is also useful to have the camera mounted separately on a tripod, aside the workbench, so as not to induce vibrations when taking the shots.
Mounting the optical configuration proceeds conveniently in steps, starting from the source. The first step is to align the interferometer prior to insertion of the polarization components by obtaining a clear fringe pattern on the diffuser. Useful insights for mounting, as well as for basic experiments of physical optics, are also given in [8] , dealing with a similar optical configuration. Then the polarizers are inserted, making the required adjustments to have the interferometer work for phase-shift operation. Finally, the four images at incremental θ = 45
• with fringes in quadrature are recorded with the camera (figure 2), transferred to a personal computer, and processed.
To perform the computations, a FORTRAN program is written that reads pixel by pixel the raw intensity data of the images, and stores it into four matrices. The same (i, j) element of the matrices is then picked up, and the phase-shift algorithm of equation (4) is implemented. The operation is carried out on all the pixels, ending up with a new matrix containing the phase map, as shown in figure 3 .
The grey levels correspond to phase values modulo 2π ; conversion to a connected phase map is performed by means of an unwrapping routine (see, for example, [9]). Also applying equation (5), the final OPD map is shown in figure 4 .
Such a map is indicative of the optical quality of the system components in use (flatness of the mirrors, optical thickness uniformity of the fixed linear polarizers, quality of the beam splitter), and may be taken as a systematic error of the device.
In the case of perturbation of the optical configuration, the OPD map is altered. Subtracting the systematic error above, the pure perturbation effect is singled out. As an example, we introduced a piece of float glass in one arm of the interferometer, in between the linear polarizer and the mirror. During acquisition, processing and subtraction, the OPD difference map accounting for double pass through the glass is obtained ( figure 5 ). Common thickness defects (waviness) often present in float glass are clearly visible. 
Conclusions
A laboratory experiment of phase-shift interferometry with a digital photocamera has been presented. The experiment illustrates the wave nature of light, interference and polarization. It also introduces phase-shift interferometry, fringe pattern handling and use of the Jones matrix and vector formalism.
A useful feature of the experiment is that it can be afforded in steps, starting from the simple set-up of a classical Twyman-Green configuration, and then playing with progressive addition of optical elements and knowledge contents. In the last step, the working principle of state-of-the-art interferometry is approached hands-on.
Appendix. Jones matrix and vector formalism
The Jones matrix and vector formalism [10] , generally used to study polarized light, can also be employed to account for propagation within interferometric optical configurations [11, 12] . To this purpose, the electric field vector E is written as
where E x , E y are the scalar Cartesian components of E. As is customary, the source field intensity is normalized to unity, so that the light entering the interferometer, being linearly polarized at 45
• to the x-axis, is represented by
The optical elements of interest here are linear polarizers (LP x ), (Lp y ) at 0
• with axis, respectively, and a quarter-wave plate (λ/4) at 45
• . Under ideal conditions, their operation is described by the matrices
with i = √ −1 = e iπ/2 ; the non-polarizing beam splitter is simply given by (BS) = 1/ √ 2. At the output of the quarter-wave plate, the wavefield is obtained as
E x E y = (λ/4)[(BS)(LP y ) e iϕ (LP y )(BS) + (BS)(LP x )(LP x )(BS)]
The phase factor e iϕ accounts for the optical path difference between the two arms of the interferometer. Carrying out the operations above, the output field vector is obtained: The above equation clearly shows that the incremental rotations θ = 45
• of the end polarizer yield the sought sequence of quadrature signals to be used in phase-shift interferometry.
